The crystallization and precipitation of TiN in an Fe-1.5%Mn-0.05(0.15)%C-0.1%Ti alloy with and without Mg deoxidation have been studied as a function of N (20-130 ppm) and Si (0, 0.5 and 1.1%) contents. The size distribution of TiN particles in the sample of 0.05 % C with no Mg deoxidation is bimodal and that in the sample of [%C]ϭ0.15 is a log-normal distribution. This is explained by the difference in the degree of microsegregation which is influenced by the solidification mode. The significant effect of Si on crystallization and precipitation of TiN has not been observed. The number of MgO, TiNϩMgO and TiN particles with Mg deoxidation is about two times larger than that of TiN particles with no Mg deoxidation. The number of particles with Mg deoxidation sample at [%C]ϭ0.05 increases gradually with increasing the fraction of solid, but that at [%C]ϭ0.15 increases drastically at interdendritic region.
Introduction
Titanium is one of the most important microalloying elements in steel. However, large cubidal particles are often observed and they have a deleterious effect on toughness, ductility and weldability. Therefore, the control of these coarse particles is important particularly in the steels containing high Ti and N contents. If the effective control of fine TiN particles is possible, a finer austenite grain size may be achievable after finish rolling which can transform into finer ferrite, pearlite and bainite microstructure. It has been established that TiN particles act as nucleation sites of d-ferrite, 1) the subsequent phase transformation and precipitates such as niobium carbonitride at lower temperature, and furthermore these particles act to reduce the austenite grain coarsening rate.
The precipitation of coarse TiN particles may occur at the interdendritic liquid containing Si, provided that the interaction between Si and Ti is extensively strong. However, the thermodynamic data [2] [3] [4] on the interaction parameter between Si and Ti scatter to a large extent.
It was found in the previous study 5) that MgO particles dispersed in the liquid was the most effective nuclei for TiN compared with Al 2 O 3 , ZrO 2 and Ce 2 O 3 particles and this can be explained by the lattice disregistry between TiN and oxide. Most of TiN nucleated on MgO particles shows faceted growth. The effectiveness of TiN and Ce 2 O 3 for the heterogeneous nucleation of d-ferrite, which was explained by low disregistry between d-ferrite and inclusions has been reported. 6) It can be predicted from the disregistry model that MgO is one of the candidates for the refinement of d-ferrite.
It is the object of the present work to study the effects of Si (0.5 and 1.1%), N (20-130 ppm) and C (0.05 and 0.15%) contents on the TiN precipitation under the constant Ti (0.1%) content. Refinement and uniform dispersion of TiN particles in microsegregation domain have been studied by using uniformly dispersed MgO particles along with the refinement of solidification structure by using TiN and TiNϩMgO particles.
Experimental

Procedure
Induction furnace (100 kHz) was used for melting experiments. A graphite susceptor with 10 mm thickness was employed around the crucible to aid in melting and to eliminate the melt stirring. An Fe-1.5%Mn-Si(Ͻ0.05%)-C(0.05 and 0.15%) alloy was first melted at 1 873 K under dehydrated Ar atmosphere (300 cm 3 /min). An Fe-5%C and Fe-50%Si alloys prepared by an arc furnace were used together with high purity electrolytic iron (99.99 %) and high purity Mn (99.9 %) (% represents mass%, hereinafter). Then, the nitrogen content of this alloy was controlled by using the Ar-N 2 (P N 2 ϭ0.03 and 0.1 atm) gas for 1 h. An Fe-10%Ti alloy was added and a melt was stirred by an Al 2 O 3 rod for 20 s every 10 min for 30 min in order to remove the oxide particles by flotation. Thereafter, a melt was cooled to 1 200°C at 50 (or 5) K/min, followed by quenching in water. This experiment denotes the TN experiment hereinafter.
To study the effect of MgO particles on TiN precipitation in the presence of Si, an Fe-1.5%Mn-Si(1%)-C(0.05 and 0.15%) alloy was melted at 1 600°C in an alumina crucible. After the nitrogen content was controlled by the Ar-N 2 gas, an Fe-10%Ti alloy was added, followed by stirring for 20 s by an Al 2 O 3 rod. Then after 3 min, a Ni-10%Mg alloy was added to disperse MgO particles in a melt and 10 min later cooled to 1 200°C at 50 K/min, followed by quenching in water. This experiment denotes the MT experiment, hereinafter. The initial addition of Mg was 0.1%.
Observation of Particles
The quenched samples was sliced vertically with 2-3 mm thickness and this sliced sample polished finally with SiO 2 powder (0.05 mm) was marked by a Vickers hardness tester at four corners of 1ϫ1 mm square which is located at 10 mm from top surface and 7 mm from the crucible wall. The shape of a quenched sample was the frustum with the top (f28 mm) and bottom diameters (f16 mm) and the height (20 mm). The concentration map determined by the characteristic X-ray intensities and SEM image were obtained at the marked region using SEM-EPMA (JEX-8200). The maps for Ti, N, Al and Mg X-ray intensities were obtained by using a computer-aided X-ray microanalyzer (CMA) (Beam diameter: f2 mm, integration time: 150 ms, irradiation current: 1ϫ10 Ϫ6 A and observed area: 1ϫ1 mm). The threshold value for identifying TiN was chosen as follows; the Ti and N X-ray intensities were 1.5 and 1.25 times greater than the average values in the region of 1ϫ1 mm, respectively. Regarding the threshold value for identifying oxides (MgO and Al 2 O 3 ), the Mg and Al X-ray intensities were 1.5 times greater than the respective average values.
The SEM image was made at a magnification of 500. The same marked area as measured by the X-ray map was divided by 24 observation areas (1 mm 2 ) consisting of the continuous 6 observation areas to the horizontal direction and the continuous 4 observation areas to the vertical direction.
The inclusion composition and dispersion degree were measured by superimposing the SEM image on the X-ray map. The cross sectional area of each particles above 0.5 mm in diameter, S A(i) , was measured by a semi automatic image analyzer and each diameter of particle section,
1/2 for oxide and TiN particles. The arithmetic mean d A was used for d A . The N A value is determined by using the measured number of particles, n, at total observation area, A obs (ϭ1 mm 2 ) , as N A ϭn/A obs .
The fraction of solid was estimated from the microsegregation of Mn whose content was measured by CMA. The particle dispersion in microsegregation domain was determined by coupling the fraction of solid.
Solidification Microstructure
Solidification microstructure was estimated from the Mn concentration map which was measured by Mn X-ray intensity. Measuring condition was as follows; beam diameter: f12.5 mm, integration time: 100 ms and irradiation current: 1ϫ10 Ϫ6 A. The measured area (5ϫ5 mm) in polished cross section was located at 8 mm from the top surface and 8 mm from the crucible wall. The quenched samples sliced vertically with 2-3 mm thickness were used for the observation samples of solidification microstructure.
Chemical Analysis
Soluble and insoluble M (MϭTi, Al and Mg): The concentration of soluble and insoluble M are analyzed by using potentiostatic electrolytic extraction method (150 mV and 45 to 55 mA). The electrolyte solution was 2 % TEA in which triethanolamine (20 cm 3 ) and tetramethylammonium chloride (10 g) were dissolved in methanol (980 cm 3 ). The extraction of particles from a sample (2 g) was made until total charge reached 1 200 coulomb. Electrolyte solution was filtered using a membrane filter (open pore size: 0.1 mm). The dissolved amount of a metal sample was about 0.4 g. The solute concentration in solution which corresponds to soluble solute content and the residue on a membrane filter which corresponds to insoluble content as an oxide and TiN were analyzed by using inductively coupled plasma (ICP) emission spectrometry. More detail is given elsewhere.
7) The total oxygen 8) and nitrogen contents in metal were determined by inert gas fusion-infrared absorptiometry. The carbon was analyzed by combustion-infrared absorptiometry.
Results and Discussion
The chemical compositions of metal phase are summarized in Table 1 . Since the number of Al 2 O 3 particles is very small, it is considered that the effect of Al 2 O 3 particles on inclusion characteristics is negligibly small. No titanium oxide was observed. Furthermore, Ti(N, C) particles are precipitated in colony at the interdendritic region in the experiment of 0.15 % C. These particles are also disregarded. The volume fraction of TiN and TiNϩMgO particles and that of oxide particles (Al 2 O 3 in TN and MgO in MT experiments) calculated from total N and total O contents and the size and number of TiN (TN) and TiN and TiNϩMgO (MT) particles are summarized in Table 2 . The experiments of cooling rate of 50 K/min are discussed, hereinafter, except for the experiments explained in Sec. 3.2.4.
Mass Balance Relation
The relation between total O and insoluble M (MϭMg and Al) contents is shown in the upper diagram of The surface area fraction of TiN and oxide particles obtained by cross sectional observation, S A , which is equal to the volume fraction of those particles per unit volume, was measured by CMA. The results will be discussed in Sec. DG 2°ϭ 379 000Ϫ149T J/mol 9) By using the respective interaction parameters given in Fig. 3 . The relations at [%Si]ϭ0 at 1 600 and 1 515°C, which is the melting point of an Fe-0.05%C alloy, are also included for comparison. In this calculation it is assumed that the interaction parameters are independent of temperature. It is seen that the solubility products of TiN are different among the previous investigators due to the markedly different values of the interaction parameters between Ti and Si, as given in Table 3 . It is predicted from the previous observation 11) Fig. 3 suggest that due to the decrease in the solubility product of TiN with increasing Si content, the time until the onset of TiN crystallization becomes longer, thereby promoting the particle growth by coarsening and coalescence. Concerning the validity of the interaction parameter between Ti and Si, the present results are well explained by the lower value 2, 4) rather than the high value, 3) as can be seen in Sec. 3.2.3. It should be noted that since the solubility product of TiN at 1 200°C, which is in g-Fe phase, is Ϫ5.36, 12) the equilibrium N content is below 1 ppm at the present soluble Ti content.
In MT experiments, the size of TiN and TiNϩMgO particles is small and no significant effect of Si content on TiN crystallization was found. This is explained as follows: The crystallization temperature of TiN particle becomes higher due to the decrease in the solubility product of TiN by Si. Therefore, the time until the onset of solidification becomes longer and this favors the growth of crystallized TiN particles. However, this effect is impaired by heterogeneous crystallization of TiN on fine MgO particles.
Nitrogen Content
The effect of nitrogen content on size and number of TiN particles in TN experiments and that of TiN and TiNϩMgO Table 2 In order to study the particle dispersion in microsegregation domain, the fraction of solid was measured from the Mn X-ray map. The following method was used: The measured Mn concentrations in the region of 1ϫ1 mm which are in the range of [%Mn]ϭ0.75 to 3% were divided by 16. The areas which correspond to the divided Mn concentration range are cumulated from the lowest area. The cumulative area fraction is plotted against the [%Mn]/[%Mn] ave ratio in the upper and lower diagrams of Fig. 6 13) The degree of Mn microsegregation was found to be independent of MgO particles and Si content at a given C content.
The effect of total N and Si contents on the dispersion On the other hand, the number of particles with 1-3 mm which is supposed to be crystallized from the liquid depends on the fraction of solid. In this case the crystallization and the growth of crystallized TiN particles become favorable during the time from 1 600°C to the onset of solidification. These particles correspond to large particles above 3 mm at low fraction of solid.
Carbon and Silicon Contents
The effect of carbon and silicon contents on size and number of TiN particles in TN experiments and TiN and TiNϩMgO particles in MT experiments has been studied at 0.05 % C and this characteristic size distribution is not affected by the Si content up to 1 %. It is to be noted that particles above 10 mm are obtained at [%Si]ϭ0.5 and 1.1. As shown in the lower diagram, log-normal size distributions were observed in the case of 0.15 % C for all Si levels. The number of TiN particles below 1 mm is smaller and the spread of the curves is broader than those observed in the case of 0.05 % C. The particles above 10 mm are observed at [%Si]ϭ0.5 and 1.1. The reason that the number of particles below 1 mm which is precipitated in solid is smaller in the case of 0.15 % C is explained as follows: Since the time passing through the d-phase is shorter compared with that in the case of 0.05 % C, the growth of TiN precipitates in dphase is limited. As a result, the number of precipitates above 0.5 mm which can be measured in the present study decreases.
The relations between number of TN particles and fraction of solid are illustrated as a function of Si and C contents in TN experiments with 115-130 ppm N in Fig. 10 . It is seen that the number of TiN particles increases gradually with an increase in fraction of solid in the case of 0.05 % C, but in the case of 0.15%C, it increases rapidly at the interdendritic region of f S ϭ0.9-1. It is well established that the degree of solute microsegregation is influenced by the solidification mode, that is, the degree of microsegregation of Ti and N in the case of 0.15 % C which solidifies through the peritectic reaction is high compared with that in the case of 0.05 % C. In the case of the latter solidification mode, homogenization of solute elements easily occurs in d-phase due to rapid diffusion. This is confirmed experimentally with respect to Mn concentration profile, as shown in Fig. 6 . Ueshima et al. 13) confirm experimentally the increase of the interdendritic Mn and P contents with increasing carbon content as a function of cooling rate and the results are explained by the microsegregation model taking into consideration of redistribution during d/g transformation.
As shown in the upper diagram of Fig. 9 , in which the 
Cooling Rate
In order to study the effect of cooling rate on the precipitation of TiN particles, the TN experiments have been carried out under P N 2 ϭ0.1 atm at 5 and 50 K/min. As can be seen in Table 1 
Effect of MgO Particles on TiN Precipitation
As already shown in Fig. 4 , the number of particles in MT experiments is considerably large compared with that in TN experiments. In this section the effect of C, Si and N contents on the size distribution of MgO, TiN and TiNϩMgO particles and the dispersion of these particles in microsegregation domain are discussed.
The numbers of MgO, TiNϩMgO and TiN particles obtained at low (Ͻ0.005 %) and high (1.04-1.10 %) Si con- 14) and thus heterogeneous nucleation sites such as MgO particles are indispensable to the TiN crystallization.
Solidification Microstructure
The effects of inclusion phase (TiN, MgO and TiNϩMgO) and its amount on solidification microstructure have been studied as a function of C, N and Si contents. The solidification microstructure observed in MT experiments is apparently finer and more equiaxed than that observed in TN experiments and tends to be slightly finer with increasing total N content. It follows from these results that MgO and MgOϩTiN particles present in the liquid act effectively as heterogeneous nucleation site. Furthermore, the MgOϩTiN particles in which TiN nucleated on MgO particles seems to be slightly more effective to fine microstructure than MgO particles alone when comparison is made between microstructure at [T.N]ϭ23 ppm and that at [T.N]ϭ119-126 ppm in MT experiments. The MT experiment at [T.N]ϭ23 ppm was made only for the study of the solidification structure.
It should be emphasized that the number of TiN and TiNϩMgO particles in MT experiments is significantly larger than that of TiN particles in TN experiments, as shown in Fig. 12 , although the number of TiN particles present in the liquid cannot be distinguished from total number of TiN particles which include precipitated TiN particles. The finding shown in Fig. 12 suggests that the number of particles is also an important factor influencing the refinement of solidification structure. There is no significant effect of Si content on microstructure.
Conclusions
The effects of N, C and Si contents and MgO particles on crystallization and precipitation of TiN particles have been studied and the following conclusions are drawn: 
